The structure of Fe films thermally deposited on Cu͑001͒ was analyzed using surface x-ray diffraction in the coverage range between 6 and 8 monolayers. Based on the analysis of crystal truncation rod data measured at 120 and 300 K, i.e., below and above transition temperatures reported for ferro-and antiferromagnetic ordering, no changes of the interlayer spacings larger than about ±0.015 Å are found. Within the Fe film these correspond to fcc Fe ͑1.78 Å͒, while the top-layer spacing is expanded by 3-5 % in agreement with previous low-energy electron diffraction studies. Lateral disorder of surface atoms as described by the Debye parameter indicates displacements of the top-layer positions up to 0.23 Å corresponding to zigzag displacements observed in the p2mg ͑2 ϫ 1͒ superstructure. The inherent large penetration depth of the x rays also allowed the study of the structure and composition of the buried Fe/ Cu interface. The data indicate Fe-Cu intermixing, where nearly 50% of a Fe ͑Cu͒ monolayer are exchanged. Four layers across the interface are significantly affected. About 30% of the first Fe ͑Cu͒ and up to 15% of the second Fe ͑Cu͒ layer is alloyed by Cu ͑Fe͒.
I. INTRODUCTION
After more than one decade of intense experimental and theoretical research the structure of Fe deposited on Cu͑001͒ and its correlation to the magnetic properties becomes more and more clear, although some details are still under dispute. Based on experimental [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and theoretical studies, consensus has been reached that for Fe films deposited by thermal deposition on Cu͑001͒ at room temperature ͑RT͒ three different coverage regimes exist with distinctly different structural and magnetic properties. These are commonly referred to as the ferromagnetic ͑FM͒ regime ͑I͒ up to about 4 monolayers ͑ML͒ ͑1 MLª1.53ϫ 10 15 atoms/ cm 2 ͒, where the whole film is FM with a magnetization direction normal to the film plane. Between about 5 and 10 ML regime ͑II͒ follows, which is characterized by a FM "live layer" above an antiferromagnetic ͑AF͒ stack of layers, which is suggested to adopt a Fe-fcc-like structure. The top layer spacing is reported to show a significant expansion in the order of 5% over the fcc Fe spacing ͑d = 1.78 Å͒. [7] [8] [9] 11, 18 At higher coverage, regime ͑III͒ follows, which is characterized by FM bcc Fe, where the easy magnetization axis is in plane in contrast to the regimes ͑I͒ and ͑II͒, where it is out of plane.
In the recent past, scanning tunneling microscopy ͑STM͒ has significantly contributed to the detailed understanding of the relation between structure and magnetism in Fe/ Cu͑001͒. 14, 15, 18, 19 It has been shown that in both regimes, ͑I͒ and ͑II͒, the FM order of the whole film and the top layer is related to the instability of the fcc structure against a monoclinic shear deformation leading to a bcc-like ͑110͒ surface layer. This structure is referred to as "nanomartensitic," since it bears close similarity to the fcc-bcc transition in bulk Fe. While in regime ͑I͒ the whole film is affected, only the top layer is reported to exhibit the nanomartensistic structure in regime ͑II͒. In the context of a hard sphere atomic model, the observed expansion of the interlayer spacings in regime ͑I͒ leading to the tetragonal expansion ͑fct͒ of the Fe film and the top layer expansion in regime ͑II͒ are a natural consequence of the lateral Fe displacements.
Dispute still exists about the detailed magnetic nature of the film in regime ͑II͒. In general, theory suggests collinear spin structures, preferentially with a FM coupled bilayer at the free surface. 21, [24] [25] [26] [27] Especially in the case of an even number of layers ͑4,6,8 ML͒ a bilayer AF structure was proposed. And, most important for this structure analysis, a correlation between the character of the interlayer coupling ͑FM or AF͒ with the interlayer spacing ͑expanded or contracted by several percent͒ was inferred. 21 At some variance with these models, temperaturedependent ͑75-300 K͒ magneto-optic Kerr-effect ͑MOKE͒ data collected in the coverage range between 6 and 9 ML could only be interpreted by a spin density wave ͑SDW͒. 16 In this model the top three layers are always FM coupled, while a SDW with a wave vector q = ͑2͒ ϫ ͑0,0,0.37͒ characterizes the magnetic structure of the deeper layers.
With regard to the theoretically predicted correlation between interlayer coupling ͑FM vs AF͒ and interlayer relaxation ͑expanded versus contracted͒, one may expect that the determination of the interlayer spacings helps to provide additional information on the magnetic structure of thermally deposited Fe/ Cu͑001͒. One result of this study is that depending on temperature ͑i.e., above and below T C Ϸ 250-300 K for FM ordering and T N Ϸ 200 K for AF ordering within the interior of the film 17 ͒ we do not find obvious evidence for any changes of the interlayer spacings larger than our experimental accuracy of about 0.015 Å.
In general both experimental and theoretical results are commonly discussed and interpreted in terms of an atomically flat and pure Fe film. On the other hand, STM and ion-scattering experiments carried out after deposition of submonolayer amounts of Fe at room temperature 3, 5, [27] [28] [29] [30] have revealed that interface intermixing occurs in Fe/ Cu͑001͒. A recent theoretical study for Fe/ Cu͑001͒ by Longo et al. 31 supported the experimental observation of submonolayer Fe inclusions, 5, 29 indicating that the exchange barrier is reduced for Fe incorparation close to embedded Fe islands.
It should be noted that interface mixing is not limited to the Fe/ Cu interface but has been found to be a general phenomenon, which is observed in a number of systems, [32] [33] [34] [35] even when no bulk alloy phases are known. 36 Theory also indicates a considerable dependence of the magnetic properties on the interface structure and the degree of intermixing. 37, 38 For Fe/ Cu it has been found that interdiffusion dramatically reduces the magnetic anisotropy energy ͑MAE͒ of the interface layer, making its contribution almost negligible if 30% of Cu is incorporated into the first Fe layer. 37 Recent ab initio calculations by Stepanyuk et al. 39 on magnetic 3d adatoms on Cu͑001͒ show that-although intermixing is energetically favorable-magnetism tends to stabilize the adatom position. From the experimental point of view, different easy magnetization directions of thermally deposited ͑TD͒ and pulsed laser deposited ͑PLD͒ Fe films on Cu͑001͒ were explained by different interface structures in these system. 40 In contrast to TD films, where the easy axis is out-of-plane up to about 10 ML, for PLD grown films an in-plane easy axis is observed up to about 6 ML. Between 6 and about 8 ML an "inverse" spin reorientation from in-plane to out-of-plane takes place. [41] [42] [43] The low-energy electron diffraction ͑LEED͒ analysis of a 4-ML-thick PLD-grown Fe film 40 indicates a "flat Cu-bulk-like iron interface layer" while an enhanced surface buckling as compared to TDgrown films is determined. These differences were explained, albeit indirectly, in terms of an enhanced degree of interface mixing in the PLD-grown film. However, direct analysis of the alloy concentration was not possible, because of the limited sensitivity of the LEED intensities to the small differences between the scattering powers of Fe and Cu.
Thus, in spite of the importance of the intermixing problem for the growth, structure, and magnetic properties, little is known on a quantitative basis. As an example, STM experiments are only capable of probing the outermost exposed layer, but do not provide information on the buried interface after several adlayers were grown. LEED is basically able to overcome this problem, but in addition with the comparatively difficult multiple scattering data analysis it probes the near-surface region only due to the limited penetration depth of the electrons. Consequently, its sensitivity to the deeper layers decreases with increasing film thickness. Due to the large x-ray penetration depth and the applicability of single scattering theory, surface x-ray diffraction ͑SXRD͒ is a powerful technique for the study of thicker films deposited on a single crystal substrate. To this end we have carried out a SXRD study on the structure of Fe films thermally deposited on Cu͑001͒ at room temperature in the coverage regime between 6 and 8 ML.
II. EXPERIMENT
The experiments were carried out at the beamline ID3 of the European Synchrotron Radiation Facility ͑ESRF͒ in Grenoble using a six-circle ultrahigh-vacuum diffractometer operated in the z-axis mode at a wavelength of 0.73 Å. 43 The Cu͑001͒ crystal was cleaned by standard methods of Ar-ion bombardment and subsequent annealing ͑800 K͒ until Auger electron spectroscopy ͑AES͒ did not show any traces of residual contamination. Fe deposition on the Cu͑001͒ crystal at 300 K was carried out by evaporation from a thoroughly degassed Fe rod heated by electron bombardment. The amount of deposited Fe could be controlled with high accuracy by simultaneous monitoring of a reflection intensity from the Cu͑001͒ crystal close to the ͑antiphase͒ ͑100͒ position ͑see below͒. 44 In total 7 SXRD data sets ͑three for 6 ML, two for 7 ML, and two for 8 ML Fe coverage͒ were collected by measuring the intensity distribution along integer-order crystal truncation rods 45 ͑CTR͒ up to a maximum normal momentum transfer of q z / c * = 3.2 reciprocal lattice units ͑r.l.u.͒, where c * =͑2 / 3.616 Å͒ = 1.738 Å −1 references the Cu lattice. Integrated intensities were measured by rotating the sample about its surface normal. In order to avoid systematic errors due to even small sample misalignments, the x-ray incidence angle was chosen to 2°, i.e., significantly above the critical angle of total reflection ͑␣ c Ϸ 0.15°͒. The smoothness of the Cu crystal and the high-brilliance x-ray beam allowed the collection of reflection curves characterized by a peak intensity of the order of 10 4 counts per second and a full width at half maximum of 0.05°at ͑1 0 0.1͒, i.e., close to the antiphase scattering condition.
The structure refinement was carried out by weighted least square fit to the ͉F obs ͉, allowing the z parameters and the Debye parameters ͑B =8 2 ͗u 2 ͘, with ͗u 2 ͘ the mean square displacement͒ for each Fe layer and for the first 7 Cu layers from the interface to vary. For a 7-ML sample this adds up to a total of 28 parameters plus an overall scale factor and 2 independent occupancy parameters characterizing the Fe ͑Cu͒ concentration in the two Cu ͑Fe͒ layers next to the interface if intermixing is taken into account. The ratio between the number of reflections and parameters is about 7, which for SXRD studies is a reasonable value to develop reliable structure models. Figure 1 shows the time dependence of the ͑10 0.1͒ intensity during Fe deposition. Pronounced oscillations are observed, where each maximum corresponds to the filling of a complete layer. These are labeled by the numbers. The missing first maximum indicates double layer growth during deposition of the first two layers where interface mixing was observed. 5, 29 The growth of subsequent layers proceeds in an almost complete layer-by-layer mode. Since SXRD intensities can be analyzed by single-scattering theory it is possible to quantitatively interpret the data displayed in Fig. 1 .
III. RESULTS
For pseudomorphic growth the ͑100͒-reflection intensity is given by I͑100͒ ϰ ͉f Cu /2−f Fe ͉ 2 , where f Cu and f Fe are the atomic scattering factors of Cu and Fe, respectively, and represents the Fe coverage expressed in ML. Since the scattering factors of Cu and Fe differ by 20% only ͓f Cu Ϸ 24, f Fe Ϸ 20 for the ͑100͒ reflection 46 ͔, at half-filled layers ͑ = 0.5͒ the scattered intensity should be only a few percent of the intensity scattered from the clean Cu͑001͒ surface. Figure 1 shows that in the experiment this prediction is approximately fulfilled. Minima correspond to about 20% of the initial intensity, while the maximum intensity at complete layer filling ͑ =1͒ is almost completely recovered. In this experiment the evaporation was stopped after the seventh maximum. Similarly, Fe films of 6 and 8 ML thickness were prepared. Previous experiments using reflection high-energy electron diffraction ͑RHEED͒ and STM have shown that atomically flat Fe films can be grown in this coverage regime, which is a prerequisite for the conclusive analysis of the magnetic properties. 17 In Fig. 2 the CTR's for 7-ML Fe/ Cu͑001͒ measured at RT are shown as a representative example for all data sets. Symbols represent the structure factor amplitudes ͉͑F obs ͉͒ obtained from the integrated intensities after correcting for apparative factors. 47, 48 Standard deviations ͑͒ of the ͉F͉ values are derived from the counting statistics and the reproducibility of symmetry-equivalent reflections. 49, 50 In general, error bars are about the size of the symbols in Fig. 2 .
In total 364 reflections were collected, reduced to 213 by symmetry equivalence. Based on 151 reflections, where symmetry-equivalent reflections were measured, the average agreement factor equals to 7.9%, which for SXRD studies is a good value. Similar numbers also apply for the other data sets. For the collection of each data set a completely new preparation was carried out. The data discussed in the following were taken during two different experimental runs using two different Cu͑001͒ specimens.
In all cases high-quality data fits could be achieved. The calculated ͉F͉'s as represented by the solid lines in Fig. 2 follow the measured ones very closely. All details of the fine oscillations due to the interference of the different layers in the film are correctly described, both in amplitude and phase. The fit quality is quantified by the weighted and unweighted residual, 51, 52 which is in the range of 4-7 %. The goodnessof-fit ͑GOF͒ parameter 51 is in the 0.8-1.2 range for all data sets.
In order to check also the unambiguousness of the results, different starting models ͑using different layer spacings͒ were used. These tests confirmed that the best fit could be obtained only by one particular sequence of layer spacings and B factors. Thus, we are confident that the results discussed in the following are unambiguous, which is supported by the satisfying reproducibility of the refined structure parameters. Figure 3 compares the interlayer spacings ͑d ij ͒ derived from the fits to the data sets of the 6-ML ͑a͒, 7-ML ͑b͒ and 8-ML ͑c͒ samples. Cu and Fe layers are numbered from 1, corresponding to the deepest Cu layer ͑=ninth layer from the interface͒, up to 17, corresponding to the top Fe layer in the case of the 8-ML sample. The Fe/ Cu interface is located between layer 9 ͑top Cu layer͒ and 10 ͑first Fe layer͒, as shown in the schematic structure model on the right. The corresponding interface distances are labeled by the arrows. All data points representing the interlayer spacings are located between the corresponding layer numbers. Top-layer spacings are emphasized by the rectangles. Horizontal dashed lines represent the layer spacings for fcc Cu ͑1.808 Å͒ and fcc Fe ͑1.78 Å͒. Data corresponding to samples measured at 300 and 120 K are represented by squares and circles, respectively. Two independent 120-K data sets were measured for 6 ML, corresponding to the two sets of circles shown in Fig. 3͑a͒ . Note that two RT data sets were taken for the 7-ML film. Since the results closely coincide only one is shown in Fig. 3͑b͒ . For the deepest Cu layers ͑nos. 1 and 2͒ the z positions were kept fixed at the bulk value, while the z positions of all other layers were allowed to vary. Due to symmetry ͑plane group p4mm͒ all x and y positions were kept fixed. For clarity in each figure error bars derived from the variancecovariance matrix ͑⌬z Ϸ ± 0.025 Å͒ are included for one data set only. In general, considering the overall scatter of the ͑independent͒ data sets, it seems that this value slightly overestimates the actual uncertainty of the distance determination, which is in the order of 0.015 Å. Several results can be summarized as follows.
A. Layer relaxation and disorder
͑i͒ Within the Cu crystal the interlayer spacings correspond to the bulk Cu-value to within ±0.015 Å. There is a slight expansion ͑Ϸ0.01 Å͒ of the top Cu-layer spacings ͑i.e., involving layers 6-9͒, which appears most pronounced for the 6-and 7-ML samples. This enhanced lattice spacing is also observed at the Fe/ Cu interface ͑see arrows͒. Assuming pseudomorphic growth of Fe on Cu͑001͒ one would expect a spacing at the interface of only 1.78 Å. Here we find d CuuFe = 1.82± 0.02 Å, which might be correlated with an alloyed interface as discussed below.
͑ii͒ In the interior of the Fe film the interlayer spacings correspond to within the experimental accuracy of about ±0.015 Å to that in fcc Fe ͑1.78 Å͒. The top-layer spacings are expanded by up to 5%. For the 6-and 8-ML samples we find 1.87± 0.015 Å and 1.88± 0.015 Å ͑+5 % ͒, respectively, while for the 7-ML sample we derive only 1.80 Å ͑+1 % ͒. There seems to be a correlation between the interlayer spacings with the MOKE measurements of Qian et al. 16 carried out at 70 K. For 6 and 8 ML a maximum magnetic signal FIG. 3 . ͑Color online͒ Interlayer spacings given in Å for Fe/ Cu͑001͒ covered by 6 ͑a͒, 7 ͑b͒ and 8 ͑c͒ ML Fe. Squares ͑red͒ and circles ͑blue͒ refer to samples measured at 300 and 120 K, respectively. Arrows indicate the interlayer distances at the Fe/ Cu͑001͒ interface. Top-layer spacings are emphasized by the rectangles. A schematic structure model is shown on the right. was found, while for 7 ML the magnetic signal has a minimum. This behavior was explained using a model involving a SDW rather than a collinear AF spin structure. Therefore one could speculate that the top-layer spacings might be related to the magnetic structure, but in order to verify this speculation further investigations are necessary.
All interlayer spacings of the deeper layers and the toplayer expansions are-as far as comparable-in very good agreement with those found in several LEED studies. 7, 9, 19 For the top spacing, values between 1.83 and 1.89 Å were determined and explained in terms of a hard-sphere model in the context of the shear instability of the top-layer Fe structure. At a coverage of 6 ML, the top layer is reported to form a p2mg ͑2 ϫ 1͒ superstructure. 7,9,53 A more recent investigation also reports on a p4gm ͑2 ϫ 2͒ superstructure, 19 which is closely related to the p2mg ͑2 ϫ 1͒ superstructure in that the zigzag displacements of the surface Fe atoms are running along both lateral directions.
We did not find any evidence for the presence of halforder reflections, most likely because the superstructures are not sufficiently long-range ordered. It should be emphasized that in spite of the insufficient long-range order local shifts of the atomic positions can be analyzed by measuring the CTR intensities, since these are sensitive to the local atomic shifts relative to the ͑1 ϫ 1͒ surface unit cell. The lateral atomic shifts will be discussed below in terms of the Debye parameter.
͑iii͒ Within an accuracy of 0.020 Å we have no evidence for any temperature dependence of the d ij . This is most evident from the 6-ML sample, while for the 8-ML sample the two spacings, d 14/15 and d 15/16 , appear to slightly expand upon cooling, although the error bars derived from the covariance matrix still overlap. We do not think that this result is physically meaningful, since the overall scatter of the 8-ML data is larger than that in the 6-and 7-ML data sets and the fit quality for the 8-ML data is the worst of all, possibly due to some contamination.
The temperature independence of the lattice spacings is an important result, since the low-temperature measurements ͑T Ϸ 120 K͒ were carried out well below both the FM ordering temperature ͑T C Ϸ 250-300 K͒ and the AFM ordering temperature ͑T N Ϸ 200 K͒ in this coverage regime. 16, 20 Local spin density ͑LSD͒ calculations have predicted considerable ͑up to 5%͒ expansion and contraction depending on whether the layers are FM or AFM coupled, respectively. 21, 25 This is commonly referred to as the "magnetovolume" effect. Thus we have experimental evidence that if there is any dependence of the layer spacings on the magnetic interlayer coupling it is below about ±0.02 Å ͑±1 % ͒.
͑iv͒ Structural disorder as expressed by the Debye parameters B was refined for each layer simultaneously. In the most general case, B describes the displacement of the atoms out of their average positions, which can be dynamic ͑thermal vibrations͒ or static ͑average over an ensemble of displaced atoms͒ in nature. In the isotropic case the mean square displacement of an atom out of its average position, ͗u 2 ͘, is related to B by the relation B =8 2 ͗u 2 ͘. Figure 4͑a͒ shows ͑isotropic͒ layer-resolved B's for 7-ML Fe/ Cu͑001͒ measured at room temperature. Solid squares and circles correspond to structure models involving an abrupt and intermixed Fe/ Cu interface, respectively ͑see below͒. The B factors for the deepest Cu layers ͑nos. 1 and 2͒ were kept at bulk values close to B = 0.6 Å 2 , equivalent to a root mean square ͑rms͒ displacement of ͱ͗u 2 ͘Ϸ0.09 Å.
Within the Cu crystal, B is slowly increasing in the direction towards the interface, but across the interface nos. 8-11 we find anomalously enhanced ͑8,9͒ and reduced ͑10,11͒ values. Allowing for interface alloying within the two Cu and Fe layers at the interface removes the "anomaly," and within the error bars the B r factors are smooth across the interface as represented by the solid circles. Interface alloying will be discussed in more detail below. In the interior of the Fe film the B factors also increase in the direction towards the surface, although the absolute rms displacement amplitudes are still in the range normally seen in thin films and surfaces. As an example a B value of 1.3 Å 2 for the second Fe layer from the surface ͑no. 15͒ corresponds to ͱ͗u 2 ͘Ϸ0.13 Å. These   FIG. 4 . ͑Color online͒ ͑a͒ Layer dependent Debye parameter for 7-ML Fe/ Cu͑001͒ at RT. Only the B factors for layers in the interior of the film are shown. Squares and circles correspond to structure models assuming an abrupt and intermixed Fe/ Cu interface, respectively. ͑b͒ Temperature-dependent Debye parameters of Fe layers in 6-ML Fe/ Cu͑001͒. Dark ͑red͒ and bright ͑blue͒ symbols represent 300-and 120-K data, respectively. Circles correspond to isotropic B's. For the top layer, anisotropic B factors parallel ͑ʈ, triangles͒ and perpendicular ͑Ќ, squares͒ to the surface are shown.
numbers can be tentatively attributed to dynamic ͑thermal͒ disorder, but a clear discrimination between dynamic and static disorder is only possible by temperature-dependent measurements. In contrast to all layers in the interior of the film as discussed so far, for the top layer ͓not included in Fig.  4͑a͔͒ , extremely large B's in the 2.0-4.5-Å 2 range, corresponding to ͱ͗u 2 ͘Ϸ0.16-0.23 Å are observed. These can hardly be attributed to thermal vibration amplitudes but must rather be related to static disorder as discussed in the following. Temperature-dependent measurements were carried out for 6-ML Fe/ Cu͑001͒, where also the p2mg ͑2 ϫ 1͒ superstructure is reported to be best ordered. 9 One data set was taken at 300 K and two at 120 K. The results are displayed in Fig. 4͑b͒ . Dark ͑red͒ and blue ͑bright͒ symbols represent room temperature and 120-K data, respectively. For all five Fe layers in the interior of the film ͑layers 10-14͒ isotropic B's were refined ͑circles͒. The two low-temperature data show very good reproducibility. The larger B's for the 300-K sample prove that in the interior of the film thermal vibrations are the dominant factor contributing to the disorder. An estimation of the temperature dependence of B yields a Debye temperature of ⌰ D Ϸ 80-100 K.
For the topmost Fe layer both large ͑up to 4 -4.5 Å 2 ͒ and anisotropic B factors are observed. Therefore, the analysis was carried out by using anisotropic B factors labeled by B ʈ ͑triangles͒ and B Ќ ͑squares͒ for the parallel and the perpendicular direction, respectively. Note that for the parallel component a dramatic increase with decreasing temperature is observed. This cannot be attributed to dynamic disorder but must be related to static disorder due to lateral atomic shifts. In contrast to the parallel component, the perpendicular B component shows "normal" dynamic behavior.
The large parallel displacement amplitudes are directly related to the lateral shifts of the surface Fe atoms out of the hollow site positions, which have been identified previously on the basis LEED and STM work 15, 18, 53 and were found to be energetically favorable on the basis of ab initio LSD calculations. 25 For instance, Heinz et al. 53 find in their LEED analysis of the p2mg ͑2 ϫ 1͒ phase observed at 6 ML an antiparallel 0.2 Å lateral shift ͑s D ͒ of the top-layer atoms out of their fcc hollow site positions. This is in good agreement with our results ͑ͱ͗u 2 ͘Ϸ0.16-0.23 Å͒. Later investigations by Tschielessnig et al. 18 derived values between s D = 0.10 and 0.14 Å and s D = 0.06 and 0.08 Å for the p4gm and p2mg structures, respectively. Our temperature-dependent data ͓Fig. 4͑b͔͒ indicate structural ordering when the sample is cooled from room temperature to 120 K.
Finally, we point out that the s D 's are considerably smaller than observed in STM images for the nanomartensite structure 14 and theoretically predicted. 25 The superstructures ͓p2mg ͑2 ϫ 1͒ and the p4gm ͑2 ϫ 2͔͒ are closely related to the n = 2 versions of the nanomartensitic ͑1 ϫ n͒ superstructures observed at lower coverage. In the nanomartenite needles the shift of adjacent Fe atoms is about 0.6 Å, but in the coverage regime above 4 ML the surface fraction of this structure is at most 10%; 19 therefore the analysis of the scattering data is dominated by s D related to the ͑1 ϫ 2͒ ͓or ͑2 ϫ 2͔͒ reconstruction.
B. Interface alloying
Interface alloying induces a change of the scattering power of the layers. Since Fe ͑Cu͒ alloying of Cu ͑Fe͒ corresponds to decrease ͑increase͒ of the scattering power, this is reflected by an artificially increased ͑decreased͒ B factor as shown in Fig. 4͑a͒ if the interface is assumed to be abrupt. In contrast, the positional parameters are not affected within 5 ϫ 10 −3 Å by including intermixing into the structure model. Apart from removing the B factor anomaly at the interface, the agreement parameters 51 are improved if interface intermixing is included in the structure model. As an example, Fig. 5͑a͒ shows for a 7-ML sample the weighted residuum ͑R w ͒ versus 1 and 2 , the Cu concentration in the first and second Fe layer, respectively. R w is shown in a color code, where dark ͑blue͒ and bright ͑yellow͒ regimes correspond to low and high R w as shown on the right. Simultaneously, the Fe concentration in the Cu layers was also varied in order to preserve the mass balance across the interface. Structure refinement on the basis of the abrupt interface model ͓ 1 =0, 2 = 0, lower left corner in Fig. 5͑a͔͒ yields R w = 0.087, while the best fit at 1 = 29%, 2 = 20% corresponds to R w = 0.074, which represents an improvement by about 18%. The GOF parameter drops from 1.38 to 1.20. A similar behavior is also observed for the other 6 data sets. Here the R w 's improve by 10% to 19%. Finally, it should be added that the unweighted residuum ͑R u ͒, which does not include a statistical analysis, behaves in the same way.
In order to check the statistical significance of the improved fit quality we have carried out the R-factor ratio test, which was introduced by Hamilton. 52 This procedure is especially important here since the intermixing model involves two additional independent parameters. The test clearly indicates that the improvement of the R factor is significant with a probability of more than 99.5%. Thus, we conclude that the SXRD data provide evidence for interface alloying, which significantly affects four layers next to the interface ͑two Cu and two Fe layers͒.
For 1 and 2 we find values in the 22-35 % and 7-22 % range, respectively. Figure 5͑b͒ shows the concentration profile across the interface representing the average results derived from all seven data sets. The bars represent the Cu ͑bright͒ and Fe ͑dark͒ concentration versus layer number. As in Figs. 3 and 4 the ͑ideal͒ Fe/ Cu interface is between layers 9 ͑Cu͒ and 10 ͑Fe͒. The error bars of the concentration determination are in the 5-10 % range as indicated for layer 9. In two cases some intermixing extending up to the third layer from the interface is found, but in these layers the alloy concentration never exceeds a few percent. In total, nearly half a ML of Fe is exchanged with Cu across the interface and vice versa.
Our results are of importance for state of the art calculations concerning the magnetic structure of Fe films deposited on Cu͑001͒. Despite its potential to be a decisive factor for the film magnetism, in general interface alloying has not been considered in detail, although some studies were carried out. These have indicated the impact of intermixing on key properties such as magnetic moments, magnetic anisotropy energy, and magnetic coupling strength. 26, 37, 39, [54] [55] [56] No detailed information on the lateral structural correlations within the alloyed layers can be given, since only the ͑1 ϫ 1͒ CTR's were probed in the SXRD experiments. Experiment and theory support a model of Fe patches embedded in the Cu surface, 5, 29, 31 but the activation energy for interdiffusion ͓1.45 eV ͑Ref. 56͒, 0.78 eV ͑Ref. 31͔͒ imposes a kinetic barrier, which prevents substantial alloying, at least at low temperatures.
IV. SUMMARY
In summary, we have carried out an extensive SXRD study of the structure of Fe thermally deposited at RT on Cu͑001͒ in the coverage range between 6 and 8 ML. Based on seven independent data sets, interlayer distances, structural disorder as modeled by the Debye parameter, and interface alloying were analyzed in detail. The reproducibility of the interlayer distance determination was found to lie in the ±0.015-Å range. The inherent large x-ray penetration depth allows the analysis of deeper lying layers and the Fe/ Cu interface with no loss of sensitivity. Measurements carried out at 120 and 300 K did not indicate detectable changes of the layer spacings. Since these temperatures are well below and above reported temperatures for FM ͑Ϸ250-300 K͒ and AFM ͑Ϸ200 K͒ ordering, the correlation of the magnetic ordering with layer spacing is-if present-below our experimental accuracy of 0.015 Å. Analysis of structural disorder indicates substantial lateral disorder for the top Fe layer, which is explained in terms of the zigzag shear displacements of the Fe atoms present in superstructures ͓p2mg ͑2 ϫ 1͒ and p4gm ͑2 ϫ 2͔͒, consistent with previous LEED studies. The high accuracy and sensitivity of the SXRD data allowed the analysis of the interface structure, where interface alloying was determined. Intermixing was found for four layers ͑two Fe and two Cu͒ adjacent to the interface. We find that up to about 30% and 15% of the first and second Fe ͑Cu͒ layer is alloyed by Cu ͑Fe͒, respectively. This analysis is important for theoretical studies of the magnetic ground state of the Fe film in this coverage regime as intermixing is known to modify the magnetic properties.
